The technique now employed at the National Institute of Standards and Technology (NIST) for calibrating antenna factor at frequencies from 25 to 1000 MHz uses a standard "Open-circuit" half-wave receiving dipole to measure the electric field strength. Unfortunately, the dipole responds to ambient fields over a large frequency range. This approach is compared with a three-antenna method which uses an accurate automatic network analyzer with 120 dB dynamic range to measure insertion l o s s between the transmitting and receiving antennas. A field site having a 30 m X 60 m ground screen which acts as a good reflector is used. reflection can be calculated and compensated for. The new insertion l o s s technique permits faster measurements with greater repeatability and reduction in calibration uncertainty, especially at frequencies above 7 5 MHz.
Introduction
Much of this paper is a summary of known methods used in antenna work for years, but which are not well known or applied in the EMC community. present NIST approach for calibrating EM1 antennas, using an open-circuit dipole, is very labor intensive and highly susceptible to errors from ambient fields. Other techniques, such as the insertion l o s s approach of MIL-STD-461 and ARP 9 5 8 , are also very time consuming since they require connecting and disconnecting both antenna paths at each frequency of interest. Two new approaches are described in this paper which permit automatic stepped-frequency data acquisition and rapid calculation of several antenna parameters. These include antenna factor, intrinsic gain, realized gain, antenna input impedance, VSWR, and site attenuation. The effects of antenna impedance on the meaning and accuracy of antenna measurements are emphasized throughout this paper.
The
Most calibrations of EM1 antennas at NIST involve determining the antenna factor K or realized gain Gre.
use a 50 n receiver with the calibrated antenna to measure radiated emissions. That is, Either of these quantities permits a customer to where Einc = RMS magnitude of the incident field being measured, V/m, at the given frequency, m-l, receiver, after reduction in signal caused by mismatch l o s s between the antenna impedance and 50 n load, V , K = antenna factor of the receiving antenna VSon = antenna voltage across the 50 n X = wavelength, m, G,, = (G)(M) = realized gain of the receiving antenna with respect to an isotropic antenna. G = intrinsic gain of the receiving antenna, M = 1-(pant)2 = mismatch factor of the antenna with respect to 5 0 n, and p a n t = reflection coefficient of the antenna.
Equation (1) can also be expressed in decibels as
The intrinsic gain G of an antenna does not take into account any losses caused by impedance or polarization mismatches. For example, for a X/2 dipole in free space, G z 1.64 (2.15 dB). The realized gain G,, of an antenna includes mismatch l o s s between the antenna and 50 n load (coax cable plus receiver). For example, for a self-resonant dipole in free space, which has a length/diameter ratio of 1000, G,, 1.26 (1.00 dB). These two gains are defined on pages 15 and 24 of reference [l] . A greater change in the commonly accepted gain of a X/2 dipole may occur if the antenna is situated near the ground or other objects.
Descriution of measurement techniques
There are four common, independent techniques for calibrating an antenna to make field strength measurements. These are (a) standard (calculable) receiving antenna method; (b) standard radiated field, or standard transmitting antenna method; (c) insertion l o s s method; and (d) relative gain method. The first three techniques are "absolute" gain calibrations since the gain is determined without comparing against another antenna that has known gain from a previous calibration.
EM1 antennas are now calibrated at an open field site at NIST using technique (a) above. This approach consists of generating a local field and measuring its strength in terms of the effective length of a standard dipole and the induced open-circuit rf voltage measured across the center gap of the dipole. The standard dipole is then replaced (in the same position) with the antenna under test (AUT) and its response is measured with a calibrated receiver or spectrum analyzer. A sketch of the instrumentation used at NIST is given in figure 1 . The theoretical basis and test procedure are described in a paper presented at the 1988 IEEE International EMC Symposium [21.
Technique (b) involves the measurement of net power delivered to a transmitting antenna whose gain can be calculated theoretically or which has been calibrated previously. This approach requires the use of a good anechoic chamber at the frequency of interest, or a sound technique to compensate for the effects of all reflections --such as from the walls of an anechoic chamber or from the ground at an open field site. This technique will not be discussed further, although it was used here at frequencies between 600 and 1200 MHz to verify data taken for technique (a) [2] .
SESSION 2B
The insertion loss technique (c) for calibrating antenna gain or antenna factor does not require either a standard antenna or a known field strength. procedure, in its traditional form, requires only the insertion of a calibrated attenuator between the transmitting and receiving antenna terminals, in place of the "radiated" signal path. Instead of inserting a variable attenuator to measure this path loss, it has become more common to measure the voltage ratio with a calibrated 50 n spectrum analyzer, or the power ratio with an accurate power meter. The insertion loss technique is also useful for calibrating an antenna when a "good" field site or anechoic chamber is not available for determining the "free-space'' gain. That is, this technique is used to measure the in-situ gain of the antenna at the location in which the "calibrated" antenna will then be used to measure rf emissions of electronic equipment.
The
The well known three-antenna method of measuring antenna gain, and the two-antenna method for "iden- where Vrad = voltage produced across the 50 n load when the radiated path is "inserted" between the generator and load, and Vdir = voltage produced across the 50 n load when the generator and load are directly coupled.
Equation (4) is the one most commonly seen in EMC literature for measuring the antenna gain of two identical antennas. It leads to the correct value of antenna factor but the intrinsic gain cannot be determined without also knowing the antenna reflection coefficient. It would be possible to measure the reflection coefficients of the antennas involved in the insertion loss measurements, at their locations on the ground screen, for each frequency of interest. However, the more pertinent gain figure to use in EM1 antenna calibrations is G,,, since it can be converted mathematically to K. Yet, the values of G,, and K are influenced by the proximity of a ground screen, or by closely spaced antennas--as contrasted with intrinsic gain or free-space antenna factor. Equation ( 3 ) can be rewritten in the form It can also be expressed in terms of the insertion loss (IL) measured with the instrumentation shown in figure 3, or by using an automatic network analyzer (ANA), rather than using separate measurements of power ratios or voltage ratios. In that case r i
The three-antenna method of calibrating antenna gain involves measuring three different antennas in paired configurations to determine the gains of all three antennas. This requires three insertion loss measurements at each frequency. measurements represents a transmitting-receiving antenna pair as follows:
Each of these The insertion loss technique can be used to calibrate antenna factor at an open field site, such as those used for FCC compliance testing of electronic equipment. "Site attenuation" is the measured insertion loss between a transmitting and receiving antenna, usually X/2 dipoles, with the added feature that the receiving antenna height is scanned (usually from 1 to 4 m) to obtain the maximum receiver indication (minimum insertion loss). An in-phase reflection from the ground plane generally increases the maximum observed signal by 4 to 6 dB, as explained later.
The ray-path diagram between a transmitting and receiving antenna at an open test site is shown in figure 4 . One method of averaging out the effect of ground reflections at a field site is given in reference [5] . At NIST the phase and amplitude of both the direct and ground-reflected rays are taken into account, for all the distances involved.
If the height of the receiving antenna is scanned to obtain a maximum response, the uncorrected or insitu value of K measured by this method is lower than the free-space value. If E field emissions are measured with a receiving antenna at this position of maximum response, as required for FCC compliance testing, this lower value of K could be used to measure the field strength of emissions. However, K is then not a fixed and independent property of an antenna, but has a different value for each field site geometry (antenna heights and separation distance).
To correspond with the "true" antenna factor obtained from eq. (l), a correction factor should be applied to the insertion loss measurement of K to correct for the ground reflection. This correction can be determined if the reflection coefficient of the ground is measured, or if a good ground screen is used. I n the latter case, r = -1 for a horizontally polarized E field and r = + 1 for vertical polarization.
The E field strength of the direct ray in figure 4 is proportional to (e-Jad)/d and the strength of the ground-reflected ray is proportional to ( r ) (e-Jor)/r. The vector sum of these two rays gives the "total" strength of the E field at the receiving point. That is,
The ground -reflected ray changes the E field magnitude by the factor 
Equation (17) shows that the theoretical correction for ground reflection is a function of reflection coefficient, antenna heights and separation distance, and frequency. FCC Bulletin OST 55, reference [ 6 ] , gives an approximate correction factor of 20 log (1 + d/r), which assumes total reflection with a phase angle of -180". The bulletin also gives an empirically determined correction of approximately 11 dB for all frequencies between 25 and 70 MHZ.
Calculation of antenna gain and antenna factor
After the correction in eq. (17) Finally, after the realized gain has been measured, using eq. (21) 
where
SESSION 2B
Experimental data taken at NIST field site Table 1 gives an example of measured and corrected data obtained at the NIST ground-screen field site. The numbers are the average values for two horizontal biconical dipoles. In each case the receiving antenna height was scanned from 1 to 4 . 5 m to obtain a minimum insertion loss (maximum signal). The insertion l o s s was measured for three antenna pairs, with data taken in both directions at the field site. Figure 5 is figure 3 were essentially identical to that in Table 1 and are not included here. Column 4 of the table shows that reflection from the ground screen, at the antenna height which produces a maximum signal, occurs when there is essentially a phase reversal of the signal.
The measured values of G,, for the biconical antenna show a large variation with frequency. This is due mainly to the variation of antenna impedance with frequency.
The data using the
Conclusions
The feasibility of using a three-antenna insertion-loss technique at a ground-screen field site to calibrate antenna factor has been demonstrated. An automatic network analyzer is being used to obtain sufficient data for evaluation of the procedure. If certain criteria are met regarding antenna heights and separation distance, the repeatability is better than +_ 0 . 2 dB. For greatest signal strength and measurement reliability, the receiving antenna should be scanned in height from X up to the maximum achievable height. At NIST this is 4 . 5 m, which limits the lowest frequency for which an in-phase ground reflection can be obtained to about 75 MHz.
Two criteria sometimes used for assuming negligible effect of mutual impedance between two dipoles, or between a dipole and its image, are that the distance between dipoles should be t 2 X and the height above ground should be t A . frequencies as low as 75 MHz ( A = 4 m), the minimum permissible antenna distance is then 8 m and the minimum permissible antenna height is 4 m. However, data taken here at a few lower frequency points indicate that the insertion loss technique can be used down to 30 MHz with a repeatability of ? 2 dl3. Corrections to the measured insertion loss must be made for the ground-reflected ray. We plan to determine the absolute error more accurately, comparing the new insertion loss 
